Escherichia coli RecA protein, in the presence of ATP or its analog adenosine 5'-[y-thioltriphosphate, polymerizes on single-stranded DNA to form nucleoprotein filaments that can then bind to homologous sequences on duplex DNA. The three-stranded joint molecule formed as a result of this binding event is a key intermediate in general recombination. We have used affinity cleavage to examine this three-stranded joint by incorporating a single thymidine-EDTA-Fe (T*) into the oligonucleotide part of the filament. (20) . The first mechanism involves local opening of a region of duplex followed by Watson-Crick base-pairing of the single strand with its complementary strand (21). The outgoing strand either is completely displaced (22) or held associated with the newly formed heteroduplex by non-Watson-Crick interactions in the form of a triple helix (23). For the second mechanism, a fully base-paired duplex makes additional basespecific interactions with the homologous single strand within the RecA-associated complex giving rise to a triple helical complex, which is then processed to give the products of strand exchange (24, 25) . Radding and coworkers (26, 27) as well as Camerini-Otero and coworkers (28, 29) have described the RecA-mediated formation of joint molecules, which, after deproteinization, are thermostable and show chemical reactivity consistent with a novel triplex structure (30). These deproteinized joint molecules are proposed to be structurally similar to an intermediate in RecA-mediated strand exchange, and two sets of base triplets have been proposed to explain their stability toward thermal denaturation. The proposed triplets are similar in the placement of the three bases but differ in the strands to which the bases are assigned. Radding and coworkers have proposed a structure where the incoming strand and its complement are base-paired in the WatsonCrick sense and the outgoing strand is associated through contacts in the major groove of the newly formed heteroduplex-a structure that would require local melting of the duplex and insertion of the third strand in the minor groove before formation of the joint molecule. On the other hand, Camerini-Otero and coworkers favor an intermediate where the incoming strand is located in the majorgroove of the duplex at the homologous site-a configuration consistent with pairing before strand separation.
The RecA protein of Escherichia coli (38 kDa) plays a central role in DNA recombination and repair. In vitro, RecA protein directs strand exchange between two DNA molecules of homologous sequence when one of the segments of DNA is completely or partially single-stranded (1) (2) (3) (4) . In (5) (6) (7) (8) . The filament then binds sequence specifically to a site on duplex DNA that is homologous to the sequence of the single strand bound within the filament (9) (10) (11) (12) . In this synapsis step, a joint molecule is formed that contains the three strands of DNA and numerous RecA monomers. The final step is the release of the products of strand exchange-a displaced single strand and a heteroduplex. In the presence of topological constraints, such as when the 5' end of the strand to be displaced is at an internal site within duplex DNA, the reaction does not proceed past synapsis and the three strands of DNA remain bound in the joint molecule (13, 14) .
Although it is generally accepted that all three strands of DNA are held stably in the form of a joint molecule during synapsis (15) (16) (17) (18) (19) , two different mechanisms of strand exchange can be envisaged that require different joint molecule structures (20) . The first mechanism involves local opening of a region of duplex followed by Watson-Crick base-pairing of the single strand with its complementary strand (21) . The outgoing strand either is completely displaced (22) or held associated with the newly formed heteroduplex by non-Watson-Crick interactions in the form of a triple helix (23) . For the second mechanism, a fully base-paired duplex makes additional basespecific interactions with the homologous single strand within the RecA-associated complex giving rise to a triple helical complex, which is then processed to give the products of strand exchange (24, 25) . Radding and coworkers (26, 27) as well as Camerini-Otero and coworkers (28, 29) have described the RecA-mediated formation of joint molecules, which, after deproteinization, are thermostable and show chemical reactivity consistent with a novel triplex structure (30) . These deproteinized joint molecules are proposed to be structurally similar to an intermediate in RecA-mediated strand exchange, and two sets of base triplets have been proposed to explain their stability toward thermal denaturation. The proposed triplets are similar in the placement of the three bases but differ in the strands to which the bases are assigned. Radding and coworkers have proposed a structure where the incoming strand and its complement are base-paired in the WatsonCrick sense and the outgoing strand is associated through contacts in the major groove of the newly formed heteroduplex-a structure that would require local melting of the duplex and insertion of the third strand in the minor groove before formation of the joint molecule. On the other hand, Camerini-Otero and coworkers favor an intermediate where the incoming strand is located in the majorgroove of the duplex at the homologous site-a configuration consistent with pairing before strand separation.
Affinity cleavage is a technique wherein a redox-active metal ion tethered to a DNA binding molecule, upon exposure to a reductant, produces a short-lived diffusible oxidantpresumably hydroxyl radicals-to cause localized cleavage of the DNA backbone (for a review on affinity cleaving, see ref. 31 ). Here, we report evidence for groove location of the incoming third strand in the protein-associated three-stranded joint molecule using affinity cleavage (Fig. 1 FPLC purification, the oligonucleotide containing a free amine attached to C5 of the 5'-thymidine was postsynthetically modified with EDTA monoanhydride as described (33) to give the T* oligonucleotide 1. The modified oligonucleotide was chromatographed a third time by FPLC using a gradient of 0-40% CH3CN in 0.1 M NH40Ac.
Purified oligonucleotides were desalted on Pharmacia NAP-5 Sephadex columns. Concentrations of single-stranded oligonucleotides were determined by UV absorbance at 260 nm using extinction coefficients calculated by addition of the monomer nucleoside values (values for T were used in place of T* in the calculation). Oligonucleotide solutions were lyophilized to dryness for storage at -20°C.
DNA Manipulations. The 300-bp HindIII/Nde I restriction fragment of plasmid pUCJWII47 (Fig. 2 ) was isolated and labeled at the 5' or 3' end on the HindIII side by standard procedures (32) . Adenine-specific sequencing reactions were carried out as described (34 20 ,000 cpm (-1 nM) of 3' or 5' labeled duplex was added and joint molecule formation was allowed to proceed for 30 min at 37°C. The cleavage reactions were initiated by the addition of 1 ,ul of 30 mM sodium ascorbate. The final reaction conditions were 25 mM Tris acetate, 6 mM Tris-HCl, 4 mM Mg(OAc)2, 1 mM EGTA, 32 ,uM EDTA, 0.5 mM spermidine, 0.8 mM 2-mercaptoethanol, 5% glycerol, 100 ,uM bp calf thymus DNA, and 1 mM sodium ascorbate (pH 7.5). After 8 h, the cleavage reactions were stopped by phenol/chloroform extraction and precipitation of the DNA by the addition of glycogen, NaOAc (pH 5.2), and MgCl2 to final concentrations of 140 ,ug/ml, 0.3 M, and 10 mM, respectively, and 100 ,ul of ethanol. The DNA was isolated by centrifugation and removal of the supernatant. The precipitate was dissolved in 20 ,ul of H20, frozen, and lyophilized to dryness. DNA in each tube was resuspended in 5 ,ul of formamide/TBE (TBE = 90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH 8.3) loading buffer containing 0.1% SDS and transferred to a new tube. The DNA solutions were assayed for Cerenkov radioactivity by scintillation counting and diluted to 5000 cpm/,ul with more formamide/TBE loading buffer containing 0.1% SDS. The DNA was denatured at 90°C for 5 min and loaded onto an 8% denaturing polyacrylamide gel. The DNA cleavage products were electrophoresed in 1 x TBE buffer at 50 V/cm. The gel was dried on a slab dryer and then exposed to a storage phosphor screen. The gel was visualized with a Molecular Dynamics 400S Phosphorlmager. Cleavage intensities at each nucleotide position were measured using the IMAGEQUANT software and the pixel values obtained were plotted in the form of histograms using KALEIDAGRAPH software.
RESULTS AND DISCUSSION
Affinity cleavage can be used as a reliable assay for determining the groove location and orientation of a DNA binding ligand. Attachment of EDTA-Fe to a variety of DNA binding molecules-peptides, proteins, and oligonucleotidesprovides detailed information about the binding site, groove location, and orientation of these ligands (31, (35) (36) (37) (38) (39) (40) . A binding mode that places the coordinated metal ion in the major groove of duplex DNA produces a cleavage pattern that is shifted toward the 5' end on opposite strands, whereas, if the metal ion is located in the minor groove, the cleavage pattern is shifted in the 3' direction. To study the binding of oligonucleotide third strands in nonenzymatic triple helices, a modified thymidine derivative, T*, wherein the DNA cleaving moiety EDTA-Fe is covalently attached at C5 of the thymine heterocycle, was incorporated into oligonucleotides (37, 38, 40) . In this case the cleavage pattern generated on opposite strands is The thymidine derivative T* was incorporated at a central position in an oligonucleotide that was homologous to a 31-bp target site in a 300-bp restriction fragment (Fig. 2, 1) . RecA was incubated with oligonucleotide-EDTA-Fe in the presence of ATP[,yS] to form a stable nucleoprotein filament after which 5' or 3' 32P-labeled 300-bp duplex substrate was added to form the joint molecule (Fig. 1) . Sodium ascorbate was then added to initiate the oxidative cleavage reactions. The cleavage products were resolved by denaturing polyacrylamide gel electrophoresis and analyzed by storage phosphor autoradiography. The results from this experiment are shown in Fig. SA . Cleavage is observed on both strands only when RecA and 1Fe are present in the reaction. The relative yields of cleavage produced at each nucleotide were measured (lanes 14 and 15) from the storage phosphor autoradiogram (Fig. 5A) . Remarkably, site-specific cleavage occurs on both strands of the target duplex substrate. Moreover, a 3' shifted cleavage pattern is observed. This cleavage pattern is consistent with an intermediate in which the incoming strand has invaded the target duplex from the minor groove, leaving the outgoing strand in the major groove of the nascent heteroduplex (23 .. Proc. Natl. Acad. Sci. USA 92 (1995) of the products of strand exchange-an interwound heteroduplex and a well-displaced strand-would be expected to give a cleavage pattern on only the complementary strand (37) . The fact that cleavage is observed on both strands of the target duplex suggests that the displaced homologous strand is held in close association with the nascent heteroduplex. The finding that the nucleoprotein filament in the recombination intermediate is lodged in the minor groove of the target duplex is consistent with a number of observations from different laboratories. (i) Radding and coworkers (27) found that methylation of functional groups in the major groove-the N4 position of cytosine, N6 of adenine, and N7 of guaninedid not effect the rate or extent ofjoint molecule formation but reduced the thermal stability of the deproteinized complex. (ii) Jain et al. (41) have shown that the N7 position of guanine bases in the target duplexes is not involved in the formation of the three-stranded complexes. (ui) Kumar and Muniyappa (42) recognized the possibility of minor groove contacts when they observed the inhibition ofjoint molecule formation by a minor groove binding ligand-distamycin-but not by a major groove binder-methyl green. With regard to mechanism, the initial recognition step likely involves insertion of the recA-oligonucleotide filament in the minor groove of an extended unwound double helix with local melting of the double helix for specific base pairing and recognition. We emphasize that our data do not require the existence of specific base triplets (43, 44) but rather only indicate that the three-stranded intermediate formed is a structure wherein the departing strand in the major groove is held in close association with the nascent heteroduplex.
